Introduction
It is known for 30 years that some transition metal cyanides, chiefly iron cyanide complexes incorporate alkali metal ions into their crystal lattice. The benefit of these compounds as scavenging agents for 13 Cs in the field of fission product recovery was first re ported in 1956 [1] . The radioactive cesium was iso- * R ep rin t re q u ests should be sent to D r. P e te r N ielsen.
V erlag d e r Z eitsc h rift für N atu rfo rsch u n g , D -7400 T ü b in g en 0 9 3 2 -0 7 7 6 /8 7 /1 1 0 0 -1 4 5 1 /$ 01.00/0 lated from acidic or slightly alkaline waste solutions by co-precipitation with nickel or zinc hexacyanoferrate(II) [2, 3] , iron(III) hexacyanoferrate(II) [1, 4] , or cobalt hexacyanocobaltate(II) [5] .
Tananaev studied the properties of mixed hexacyanoferrate(II) complexes (X2 Y[Fe(CN)6], X = al kali metal and Y = divalent metal) [6 ] , The monova lent cation outside the complex is bound by relatively weak forces, and may be exchanged for another ca tion. Monovalent cations are bound by hexacyanoferrates(II) according to their decreasing ionic radii with decreasing strength in the series: Cs > T1 > Rb > N H 4 > K > Na. The sorption mechanism is not yet known in detail for most of the compounds.
Consequently, the use of hexacyanoferrate(II) complexes for the decorporation of L'71,4Cs from con tam inated animals and humans was investigated and firmly established very early [7] [8] [9] [10] [11] [12] . In addition, oral treatm ent with insoluble Prussian blue (FeHCF) was found to be effective in treatm ent of thallium poisoning [13] [14] [15] .
However, in comparison little is known about the cesium sorption capacities of different hexacyanoferrate(II) compounds.
In vivo studies (in rats) on cesium decorporation by different hexacyanoferrate(II) complexes gave only conflicting results. The oral application of nickel hexacyanoferrate(II) (KNiHCF) was found to be more effective than cobalt or iron(III) complexes [16] . On the other hand, according to Nigrovic, the efficiency of ll4Cs-decorporation decreases in the series Fe(III) > Ni(II) > Co(II) > Cu > Zn [17] , whereas Bozorgzadeh found no difference between N i(II), Co(II) and F e (III)-H C F in vivo [18] . Solu ble Prussian blue (KFeHCF) was found to be superior to insoluble Prussian blue (FeHCF) in rat [19] , and N H 4FeH CF is said to be more efficient than K FeHCF and FeH CF in cesium decorporation in rat [2 0 ].
Contradictory results in these studies may be caused by the use of compounds, which were pre pared by different methods. In most cases no analyti cal data were given by the authors. In general, dif ficulties in the synthesis of homogeneous compounds are well known for the class of polynuclear transition metal cyanides [21] . Significant amounts of adsorbed ions, depending on the respective preparation m ethod led to erroneous analytical data. As a conse quence, in some studies, elaborate and sophisticated experim ents were perform ed with samples whose exact composition had not been determined.
Regarding nuclear fission product recovery, the efficacy and the mechanism of cesium sorption of KCoH CF [22] , K CuH CF [23] , and K ZnHCF [24] have been studied in some detail in vitro. Kourim et al. studied the ion-exchange properties of some com plex cyanides [25] . However, in this study the cesium sorption capacity, for example for KCuHCF, was twice as high as reported by Lee and Streat [23] , again indicating that different synthetic procedures and experim ental conditions are of great importance.
In conclusion, previous in vivo and in vitro studies about the efficacy of cesium sorption by different hexacyanoferrates gave conflicting results. With re gard to the medicinal use of hexacyanoferrates no detailed in vitro study is available in the literature. In order to develop the most favourable m ethod for 137 l34Cs decorporation and for the prevention of cesium uptake in domestic animals and humans, we studied the in vitro cesium sorption behaviour of dif ferent hexacyanoferrate compounds under physio logical conditions (artificial gastric or duodenal juice). The most promising compounds derived from this study should be further investigated in in vivo studies. For determ ination of K and Fe, the solid samples were treated with boiling concentrated H 2 S 0 4. The potassium and iron sulfates form ed were dissolved in 0.1 M HC1. Potassium was determ ined by flame photom etry, iron was determ ined spectrophotometrically using bathophenanthrolin as colour reagent. C, N, and H analyses were carried out by the M icroanalytical Laboratory Beller, Göttingen. pHValues were determ ined using a pH-M eter CG 822 and a glass electrode from Schott, Hofheim.
M aterials and Methods

Synthesis o f K Fe[Fe(CN)6]
A solution of 1.05 g (3.9 mmol) FeCl3 6 H 20 in 50 ml of w ater was slowly added to a solution of 1.69 g (4.0 mmol) K4 [Fe(CN)6] in 50 ml 0.01 M HC1 with stirring. A fter 2 h, the deep blue colloidal solu tion was dialyzed against 3 x 5 1 of dest. water for 48 h. A fter evaporation to dryness under reduced pressure, the finely powdered residue was lyophil ized. Yield 1.28 g (95.7%).
Synthesis o f N H 4 Fe[Fe(CN)6J
A solution of 8.45 g (20 mmol) potassium hexacyanoferrate(II) in 100 ml of water was put into a cation-exchanger-column A G 50 W X 8 (3.5x38 cm, NH 4 +-form). The column was washed with 200 ml of water and fractions were collected. To remove traces of potassium , the combined eluate was passed through a second ion-exchanger column under the same procedure as described above. To one half of the resulting eluate (245 ml) was added a solution of 
Synthesis o f Fe4[F e(C N )6]3 15H 20
A solution of 1.05 g (3.9 mmol) FeCl3 6 -H 20 in 50 ml of water was slowly added to a colloidal solu tion of K Fe[Fe(CN )6] (100 ml, 3.9 mmol, see above). The reaction mixture was kept for 24 h at room tem perature with stirring. The suspension was centrifuged at 5000 g for 30 min. The supernatant was discarded and the pellet was first washed 3 times with 300 ml of 0.1 M HC1 to remove excessive FeCl3, than with water until no detectable turbidity was formed upon addition of A g N 0 3. The remaining powder was freeze-dried. Yield: 4.09 g (93%).
Cs sorption capacity
Weighted amounts of hexacyanoferrates (5 3 . 1 izmol) were incubated at room tem perature for 72 h with 10 ml of w ater, artificial gastric juice (pH 1.2), or artificial duodenal juice (pH 6 .8 ) con taining various amounts of CsCl (0-53.1 //mol) tag ged with 137CsCl in stoppered tubes. The tubes were mounted on a rotating machine at a speed of 2 1 rev. min-1. Aliquots of 1 ml were ultrafiltrated using the MPS-1 system (10.000 D alton cut-off m em brane; Amicon, D üren). 137Cs activity was measured in the ultrafiltrate. Experimental results given represent mean values of two different experiments.
Kinetics o f cesium sorption
The reaction mixture (10.0 ml) contained 53.1 //mol FeH CF or KCuHCF with low (1.2 10-8 mM) or high (5.31 mM) CsCl concentration in artificial gastric (pH 1.2) or artificial duodenal juice (pH 6 .8 ). The reaction tubes were rotated at a speed of 9 rev. min-1 (20 °C). Aliquots of 0.5 ml were re trieved at intervals and immediately filtered through a 0.2 micron membrane (Arco LC13, Gelm an, Ann A rbor). The filtrate was measured for ll7Cs-activity. In a second experiment, the buffer solution con tained 400 mg FeHCF in addition. A fter 24 h and 48 h the dialysis tubes were removed and the buffer solutions were filtered. The filtrates, the filter re sidues and the dialyzed protein solutions were m eas ured for 137Cs and 134Cs and 40K activity using a ntype high purity germanium detector (Canberra. Frankfurt, FRG ). The protein content was measured by the biuret method. The protein solutions were analyzed by HPLC using a size-exclusion column (column, sepharose 12 (Pharmacia); eluent, 50 mM hepes buffer pH 6 .8 ; flow 0.5 ml/min); UV-detection 254 nm.
M ethod 2: 100 g of dry whey powder were sus pended in 500 ml of water and centrifuged at 500 g for 15 min. The pellet contained almost no 137,134Cs activity and was recombined with the decontam i nated whey suspension later on. The supernatants were transferred in plastic bottles and 2 0 0 mg/1 FeH CF were added. The bottles were m ounted on a rotating machine. A fter incubating (10 rev. m in-1 ro tation) at 4 °C for 1 to 20 h, the FeH CF was removed by centrifugation (20 min, 500 g). ll7Cs, l34Cs, and 40K activities in the supernatants and the pellets were measured using a «-type HPG e-detector. The pro tein content was measured by the biuret m ethod. The protein solutions were analyzed by HPLC using a size-exclusion column (column, sepharose 1 2 (Pharm acia); eluent, 50 mM hepes buffer pH 6 .8 ; flow 0.5 ml/min); UV-detection 254 nm.
Results and Discussion
Synthesis and purification o f various hexacyanoferrates
We synthesized a variety of colloidal and non-colloidal hexacyanoferrates(II) of Fe, Cu, Co, Ni, Zn, and Mn from potassium hexacyanoferrate(II) and the respective transition metal salt (for structural formula see Table I ). To remove most of the low molecular weight by-products, the crude colloidal hexacyanoferrate(II) compounds were purified by exhaustive dialysis against water [19] . The analytical data shown in Table I are in fairly good agreement with the theoretical values.
It is known that FeH C F, synthesized by direct combination of potassium hexacyanoferrate and iron(III) chloride (one-step-m ethod), still contains substantial am ounts of potassium [26] . As a m atter of fact, the analytical data for "Radiogardase-Cs", a commercial FeH CF-preparation which is synthesized by a one-step-m ethod, indicate a lower iron content and a significant am ount of extrastoichiometric potassium (0.2 mol K +/mol) as compared with the theoretical values.
In order to avoid or at least to reduce potassium contam inations, we synthesized FeHCF by the addi tion of excess FeCl3 to dialyzed KFeHCF. The pre cipitation formed was centrifuged, washed and dried by lyophilization. This procedure yields a compound with a smaller content of potassium (0.1 mol ICY mol). However, potassium is still present in this preparation. Obviously, it is not possible to prepare a potassium free FeHCF-product starting from potassium hexacyanoferrate (II [21] . The same is true for K ZnH CF [22] . How ever, according to our analytical results, the chemical composition of the Ni-, Cu-, Co-, and M nHCF prep arations described in this study are in good agree ment with the theoretical formula K2M e(II)[Fe(CN )6]. In the case of K ZnH CF, the potassium content is lower than the theoretical value, indicating a signifi cant am ount of Z n2FeH CF in the preparation.
T able I. A nalytical d a ta for h e x acy an o ferrates u n d e r study. 
Cesium sorption
All of the hexacyanoferrates under study (except CsFeHCF) sorb tracer amounts of 11 Cs almost quan titatively (Table II) . Differences in the sorption capacities become obvious by incubating the hexa cyanoferrates with substantial am ounts of cesium.
The sorption of l37Cs by various hexacyanoferrates as a function of the cesium concentration in the reac tion mixture is shown in Fig. 1 (artificial gastric  juice) and Fig. 2 (artificial duodenal juice) . At pH 1.2, two groups of compounds can be separated according to their cesium sorption efficacy. The K2M e(II)H C F group (Me = Cu, Mn, Zn, Co, Ni) is superior to the M e(I)FeIIC F group (Me = N H 4, K, Cs) and FeHCF. KCuHCF and to a smaller extent KZnH CF sorb Cs+ up to equim olar concentrations almost quantitatively. H e x ac y a n o ferra te pH A t higher pH , in artificial duodenal juice (Fig. 2) , again KCuHCF. K ZnH CF, and K N iH CFsorb cesium to a greater extent than all other compounds, where as sorption efficacy of KCoHCF and KM nHCF is in the same order of magnitude or even smaller than the M e(I)FeH C F group (Me = NH 4, K, Cs). O b viously, KM nHCF is chemically unstable at pH 6 .8 .
The effective sorption capacity (mmol Cs+/g HCF) was m easured in a test solution containing excess of inactive CsCl tagged with l37CsCl (Table III) . The theoretical sorption capacity was evaluated from the structural formula assuming that all of the potassium ions (N H 4+-, C s +-respectively) are exchanged for cesium ions forming insoluble or Cs2 M e(II)H CF or CsFeH CF, respectively.
For most of the compounds, the experimental values (Table III) are significantly smaller than the theoret ical values for complete potassium-cesium exchange. The sorption capacities for FeHCF, KFeHCF, N H 4 H C F, and KCuHCF are lower in acidic solution (pH 1.2) than in duodenal juice (pH 6 .8 ). The re verse is true for KCoHCF, KM nHCF, KNiHCF, and K ZnH CF. It is not surprising that the K2M e(II)H CF group (M e(II) = Co, Cu, Ni, Zn) has a higher cesium-sorption capacity than the K M e(III)H CF group, because twice the amount of potassium is ex changeable. N H 4FeH CF has a slightly higher cesium sorption capacity as compared to FeHCF and K FeH CF, but not to Radiogardase-Cs. However, differences are small. Radiogardase-Cs, the crude FeH C F-preparation, has a significantly higher cesium sorption capacity as compared to the more pure FeH CF-preparation described in this study, possibly due to differences in the amount of extrastoichiometric K~ and H +.
It should be noted, that N H 4FeHCF has recently attracted some attention in the newspapers in West-G erm any as "the blue wonder salt" for prevention of 137 1 3 4 Cs-uptake and cesium decorporation in sheep and cows after the nuclear reactor catastrophe of Chernobyl. However, until now, no conclusive study has shown the superiority of this compound to FeHCF or K FeHCF in vivo.
On the other hand, the sorption capacities of K CuH CF and K ZnH CF are almost twice as high as for all other compounds under study (Table III) . These compounds should be further investigated in in vivo studies.
Ion exchange behaviour
The mechanism of cesium sorption by hexacyanoferrates is not yet known in full detail. Hy pothetically, cesium sorption is thought to be the combination of physical adsorption and chemical ion-exchange. In K CoHCF [20] , KCuHCF [21] , and K ZnH C F [22] , potassium is completely exchanged versus cesium. However, in some KCuHCF-preparations no ion-exchange reaction was observed [2 1 ].
As shown in Table IV , the sorption of cesium by most of the HCF-compounds is an ion exchange a " R adiogardase-C s" .
process. Using water as solute, cesium is exchanged almost stoichiometrically for potassium. However, in artificial gastric juice and artificial duodenal juice, both containing large amounts of sodium ions, the situation is more complicated. Blank values were de termined by incubating the different hexacyanoferrate compounds in artificial gastric, artificial duodenal juice, or water, respectively. Though no cesium chloride is present in the reaction m ixture, significant amounts of potassium are released from the colloid complexes at pH 1.2 and pH 6 .8 ; possibly exchanged for sodium from the solute. This is why in the experiments with excess cesium chloride in the reaction mixture (artificial gastric and duodenal juice), in some cases the amounts of potassium re leased from the hexacyanoferrates are to small as compared with the theoretical values.
The pH-values of the reaction mixtures containing different hexacyanoferrates(II) with or without cesium chloride in water were measured. Only in reaction tubes containing FeH CF preparations, a sig nificant decrease of the pH from 5.54 (blank, FeH CF in water) to 2.82 (FeH CF + CsCl in water) was ob served. The calculated amounts of released H + and K + together balance the cesium ions sorbed by the cyanoferrate. Thus, the mechanism of cesium sorp tion of FeH C F is an ion-exchange of Cs+ for extrastoichiometric H + and K+. The same is true for thallium-sorption by FeHCF as pointed out by Dvorak [13] . According the law of mass action the cesium sorption capacity of FeHCF (Cs+/H +) should be higher in a buffered solution at pH 6 . 8 than at pH 1.2. As mentioned above, Cs+/H +-ion-exchange is not observed for any of the other hexacyanoferrate compounds under study.
Kinetic o f cesium sorption on hexacyanoferrates
The cesium sorption profiles of FeHCF and K CuH CF in artificial gastric juice pH 1.2 and artifi cial duodenal juice pH 6 . 8 at room tem perature (20 °C) both with low (tracer amounts) and equimolar cesium concentration are shown in Fig. 3 . At pH 1.2, both compounds sorb tracer amounts of cesium in about 10 min almost completely. Offering equim olar concentration of cesium chloride to the com pounds, FeHCF has a significantly higher rel ative sorption rate than KCuHCF. The same is true at pH 6 .8 . Obviously, the sorption rate is slightly faster at pH 6 . 8 than at pH 1.2 for both compounds. Differences in the sorption rate should be caused by a higher surface area of FeHCF as compared to KCuHCF. Regarding the medicinal use, the advan tage of KCuHCF, having a higher sorption capacity, is partly canceled by the lower relative sorption rate as com pared to FeHCF.
Decontam ination o f 137 134Cs labelled whey pow der in vitro
On laboratory scale, the capability of selective cesium sorption of hexacyanoferrates can be used for removal of 137134Cs from contaminated whey powder, produced from South German cow milk in summer 1986. In the experiments described below we used FeH C F as the hexacyanoferrate(II) compound, be cause of its known non-toxicity even at high dosage in animals and humans [12, 13] .
M ethod 1:
Removal of cesium by dialysis against a buffer solution containing FeHCF A suspension of whey powder in water was dialyzed against a buffer solution containing FeHCF at 4 °C. FeH C F was removed from the buffer solution by simple filtration. The whey solutions and the filter residues were measured for l37Cs, 1 3 4 Cs, and 4,)K by a «-type H PG e detector. As shown in Table V . more than 95% of the 137 134Cs is removed from the protein solution and completely sorbed by FeHCF in 24 h. Thus, the buffer solution and the FeHCF can be used for several dialysis runs. 137 1 3 4 Cs, bound to FeHCF and highly enriched to a small volume, can be iso lated by simple filtration.
M ethod 2:
Removal of cesium by direct incubation with FeHCF 137 134Cs from a whey solution can also be removed almost completely by direct incubation with FeHCF. In a first step, the milk suspension was centrifuged to remove insoluble material. The pellet ( P 1, Table VI), containing only low cesium activity, was washed with water (S2 and P2, Table VI) and recombined with the decontam inated whey solution later on. 2 0 0 mg/1 of FeH C F were added to the supernatant (S I) and the mixture was shaken at 4 °C for several hours. 1 3 7 1 3 4 Cs, sorbed by FeH CF, was removed from the protein solution by centrifugation. The pellets (P 3 -P5) and the supernatants (S 3-S5) from differ ent experiments (s. Table VI) were measured for 1 3 7 Cs, I3 4 Cs, and 4llK activities. As shown in Table VI , more than 95% of the 137 134Cs activity is removed by a 5 h incubation with FeHCF.
For both m ethods the amount of protein in the different fractions was not altered by treatm ent with FeHCF. In addition, the protein composition re mained unchanged as judged by size-exclusion HPLC. Thus, the decontam inated whey can be possi bly used in the food industry without reservation.
Different methods for the removal of 137134Cs from contam inated milk have been developed (for review see [27] ), including ultrafiltration [28] , ion-exchangem ethods [29] , and electrodialysis [30] . These m ethods are effective, but rather inselective. Dialysis results in a loss of low molecular weight compounds (minerals, lactose), and large volumes of contam i nated buffer solution are obtained. The sorption of cesium by ion-exchange resins is not selective either. Potassium, calcium and sodium are also removed from the milk and large capacities of ion-exchange-resin are needed for removal of radiocesium. U ltrafiltration results in large volumes of contam inated waste solution and is expensive.
The use of hexacyanoferrates(II) in a process for removal of radiocesium from contam inated milk has some advantages:
-137 l34Cs is sorbed selectively; the sorption capacity is not affected by excess of sodium and potassium ions, -137 134Cs is concentrated to a small volume and can easily be isolated, -the buffer solution in the dialysis m ethod can be recycled, no large contam inated waste volumes are obtained.
The transference of these laboratory studies to a full-scale system for removal of radiocesium from milk seems feasible, however, has not yet been done.
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